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Summary
Objective: The purpose of this study was to investigate systematically the effect of load amplitudes, frequencies and load durations of
intermittently applied mechanical pressure on the biosynthesis of collagen and non-collagenous proteins (NCP) as well as on the water
content of cultured bovine articular cartilage explants.
Methods: Cyclic compressive pressure was applied using a sinusoidal waveform of 0.5 Hz frequency with a peak stress of 0.1, 0.5 or 1.0 MPa
for a period of 10 s followed by a load-free period of 10, 100 or 1000 s. These intermittent loading protocols were repeated for a total duration
of 1, 3 or 6 days. During the ﬁnal 18 h of experiments, the incorporation of [3H]-proline into collagen and NCP, the content of water as well as
the deformation of loaded explants were determined.
Results: Intermittently applied, cyclic mechanical loading of articular cartilage explants consistently reduced the relative rate of collagen
synthesis compared to load-free conditions. This reduced proportion of newly synthesized collagen among newly made proteins was
independent of the mechanical stimuli applied. The release of newly synthesized collagen and NCP from loaded explants into the nutrient
media was unaffected by any of the loading protocols applied. In addition, quantitative data are provided showing that only high amplitudes of
loads and frequencies enhanced the water content of the explants.
Conclusions: Previous studies reporting that osteoarthritic cartilage in vivo can synthesize elevated amounts of collagen imply that the loading
protocols chosen were inadequate for simulating in vitro osteoarthritic-like alterations of collagen synthesis. In our experiments the collagen
biosynthesis of chondrocytes was only minor responsive to alterations in mechanical stimuli, applied over a wide range. Thus, our results imply
that the synthesis of these structural macromolecules is under the strict control of normal chondrocytes enabling them to maintain the shape of
this physical demanded tissue.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.





The uniqueness of articular cartilage lies in its remarkable
elasticity, low-friction surface, and ability to withstand
enormous physical forces during motion1,2. These extraor-
dinary features are directly related to the swelling pressure
resulting from the hydration of the polyanionic proteoglycan
aggregates, which is in turn resisted by a highly organized
network of collagen ﬁbers. Five collagens (types II, VI,
IXeXI) have been identiﬁed in articular cartilage in
quantities sufﬁcient to allow their isolation. Collagen type
II is the most abundant ﬁbrillar protein found in articular
cartilage and constitutes 85e90% of the total collagen
content. Collagen type II forms the backbone of the
cartilage heteropolymeric ﬁbrils1,2. The features that make
collagen type II uniquely suited for cartilage are unknown
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Received 17 April 2004.906but are likely to be related to its high hydroxylysine content
which facilitates glycosylation, a property of hydrophilic
tissue. Collagen types IX and XI are also cartilage-speciﬁc
molecules that are found in smaller quantities of 3e10%,
each depending on the cartilage source and age1,2.
Collagen type XI is located largely within the ﬁbrils, is
covalently linked to collagen type II, and is believed to
regulate ﬁber size. In contrast, collagen type IX is located
on the exterior of the ﬁbrils and functions amongst other
things as a mechanism to allow collagen ﬁbrils to interact
with proteoglycan macromolecules1,2. The matrix immedi-
ately surrounding the chondrocytes forms a specialized
subcompartment of articular cartilage containing small
diameter collagen ﬁbrils and the minor collagen types III,
V, and VI2. Collagen type X is found in the deep, calciﬁed
zone of mature articular cartilage2.
Articular cartilage destruction and the loss of its compo-
nents type II collagen and proteoglycans are a characteristic
feature of osteoarthritis (OA). Using human specimens
obtained at autopsy and arthroplasty, it was found that in
both aging and OA the ﬁrst damage to collagen type II
occurs in the superﬁcial and upper middle zones and
extends into the deeper zones with increasing degenera-
tion. The initial damage is always seen around chondro-
cytes in the pericellular region3. OA cartilage exhibits
increased levels of cleaved and denatured type II collagen4,
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(MMP) activity5. MMP-13 has been identiﬁed as the enzyme
responsible for most of the collagen degradation5. In
addition, MMP-3, -7, -9, and -14 are present in OA cartilage
and can cleave in the nonhelical telopeptide of collagen
type II5,6. Disruption of the collagen network allows the
tissue to swell resulting in an up to 9% increased water
content and in loss of proteoglycans7,8.
The turnover of collagen occurs as a delicate balance
between cell-mediated degradation and synthesis, both of
which are probably regulated by a cascade of interdepen-
dent mechanisms. Several laboratories have reported that
collagen synthesis was increased in OA cartilage9e11.
Furthermore, data from animal models of OA and humans
revealed that newly synthesized, radiolabeled collagen was
only of type II10,12. Burton-Wurster et al.13 reported that both
in vitro and in vivo degenerated cartilages of dogs with hip
dysplasia deposited less newly synthesized collagen
resulting in collagen depletion in the foci of degenerated
cartilage. Recent studies14,15 disclosed that normal and
early human OA cartilage have a low level of mRNA
expression of collagen type II, thus supporting the already
reported low turnover of collagen with a half-life in excess of
100 days in immature cartilage, and apparent half-lives of
many years in adult tissue16,17. In contrast, late stage
human OA cartilage strongly upregulated the expression of
collagen types II and VI probably in an attempt to remodel
and thus repair the cartilage defect16,17.
Strong clinical correlations exist between abnormal
patterns of mechanical loading and the later onset of
cartilage degradative disease such as OA. It seems even
likely that mechanical loading and joint motion play
important roles in establishing the orientation and organi-
zation of the collagen ﬁbers of the matrix18,19. For instance,
after long-distance running training of dogs, the superﬁcial
collagen network of articular cartilage was either deterio-
rated or the ﬁbrils were reoriented due to an altered loading
pattern19. Furthermore, published data from a range of
laboratories20e29 have disclosed that mechanical loading
can either stimulate or inhibit the biosynthetic activity of
chondrocytes. Using articular cartilage explants, these
investigations have focused on water content, ion-induced
swelling, and on proteoglycan as well as ﬁbronectin
metabolism, while no data have been provided about the
possible impact on collagen synthesis due to load.
Under in vitro conditions, cartilage plugs can be main-
tained in stable and controlled biochemical and physical
environments allowing a precise characterization of the
impact of mechanical forces on cartilage metabolism. This
is the beneﬁt gained with cartilage explant studies
compared with studies carried out in vivo and, furthermore,
a prerequisite for developing a mechanical induced in vitro
model of OA-like cartilage which has been one of our
longer-term objectives. We recently reported that intermit-
tent loading of cartilage explants can induce an elevated
synthesis and retention of ﬁbronectin26,28, an increased
synthesis and release of proteoglycans29 and even some of
the same alterations in the sulfation pattern of chondroitin
sulfate chains27 that have previously been shown to occur
also during the development of degenerative joint diseases
such as OA. Based on our previous ﬁndings, our main
hypothesis was that mechanical load plays an intrinsic role
in the homeostatic control of collagen synthesis that is
important in normal physiology as well as in cartilage
degeneration. This hypothesis was tested in the present
study by systematically investigating the effect of load
amplitudes, frequencies and load durations of intermittentlyapplied mechanical pressure on the biosynthesis of
collagen and water content of cultured mature articular
cartilage explants.
Materials and methods
LOAD-FREE, LONG-TERM EXPLANT CULTURES
In order to determine the optimal time point to start
loading the explants, the maintenance of collagen and non-
collagenous protein (NCP) synthesis in bovine articular
cartilage explants was investigated over a period of 14
days. Under sterile conditions, eight macroscopically
healthy cartilage explants (without subchondral bone) were
removed in full thickness from the weight-bearing area of
the metacarpophalangeal condyles of one joint of an
18e24-month-old steer within 2 h after slaughter. Explants
were washed and then cultured in 2.5 ml Ham’s F-12
nutrient media supplemented with 2.5 mM HEPES, pH 7.2,
30 mg/ml alpha-ketoglutarate, 300 mg/ml L-glutamine, 50 mg/
ml ascorbate, 20 U/ml penicillin, 10 mg/ml streptomycin,
485 mg/ml CaCl2! 2H2O and the serum substitute CR-
ITSCTM Premix (Collaborative Research Inc., Bedford,
USA) as previously described30. This medium was further
supplemented with 1.0 mM Na2SO4
30e32, 2.5 mg/ml am-
photericin B and 50 mg/ml gentamycin. Explants were
cultured at 37(C and under 5% CO2 and 95% humidity.
Cultures were subjected to medium changes every second
day or on the ﬁnal day of experimentation (days 1, 3, 6, 9,
14), whereby explants were incubated for 2 h in fresh media
before the addition of the radioactive precursor as de-
scribed below. Care was taken to keep the pre-incubation
time in fresh media (2 h) and subsequent labeling period
(18 h) identical in all cultures. The experiment was repeated
ﬁve times using condyles from six different steers (NZ 6).
PREPARATION, CULTURE AND MECHANICAL LOADING
OF EXPLANTS
The mechanical loading apparatus used was designed
and constructed to load living cartilage explants over
extended time periods under sterile conditions, and has
already been described elsewhere in detail33. Under sterile
conditions, two macroscopically healthy, full-thickness
cartilage explants (without subchondral bone) were re-
moved from the weight-bearing area of one metacarpopha-
langeal condyle of an 18e24-month-old steer shortly after
slaughter. Articular cartilage discs of 7-mm diameter were
obtained using a biopsy punch. One explant was loaded
and another explant from the same condyle served as
a control. In order to determine the degree of compression
during loading, the thickness of explants was then de-
termined twice in the center of the cartilage using a digital
caliper with a resolution of 0.01 mm and an accuracy of
G0.02 mm. Cartilage explants were washed, placed into
the specimen holders with the articular surface upward, and
cultured in 2.5 ml of supplemented Ham’s F-12 nutrient
media as described above.
The loading device was then positioned into a CO2-
incubator for 2 h to allow equilibration with the incubator’s
environment (37(C, 5% CO2, 95% humidity). Intermittently
applied, uniaxial cyclic loading was introduced by using an
approximately sinusoidal waveform of 0.5 Hz frequency and
a peak stress of 0.1, 0.5 or 1.0 MPa for a period of 1, 3 or
6 days (Fig. 1). The cyclic loads were applied for 10 s
followed by a period of unloading lasting 10, 100 or 1000 s.
Explants were loaded perpendicular to their long axis in
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unloading, the load platen was lifted from the cartilage
surface. Unloaded cartilage discs of the same condyle were
cultured in identically constructed loading chambers, and
served as controls. The degree of compression of cartilage
explants during loading wasmonitored using a displacement
transducer system as described elsewhere in detail33.
Depending on the loading protocol, an increase in cartilage
compression was recorded which during the ﬁrst 8 h
reached a maximum maintained for the remainder of the
experiment. Media were changed on day 3 and collected
media were stored frozen at 20(C in the presence of
a 10% (v/v) protease inhibitor mixture containing 0.1 mM
phenylmethylsulfonyl ﬂuoride (PMSF), 200 mM ethylene
diaminetetraacetic acid (EDTA), 5 mM benzamidine/HCl
and 10 mM N-ethylmaleimide until analysis. Each protocol
was repeated ﬁve times using condyles from six different
steers (NZ 6).
RADIOLABELING OF EXPLANTS
Radiolabeling for determining the synthetic activity of the
chondrocytes was performed during the ﬁnal 18 h of each
experiment using [3H]-proline (DuPont de Nemours GmbH,
Bad Homburg, Germany) at a ﬁnal concentration of 10 mCi/ml.
Fig. 1. Schematic illustration of the loading protocols described in
Materials and methods. Intermittent cyclic mechanical loading was
applied using an approximately sinusoidal waveform of 0.5 Hz
frequency followed by a period of unloading. The effects of
intermittent cyclic loading on the incorporation of [3H]-proline into
collagen and NCP were assessed by radiolabeling the cartilage
explants during the ﬁnal 18 h of the experiments before tissue was
harvested and processed for analyses. A: Explants were cyclically
loaded for 10 s with a peak stress of 0.5 MPa followed by a period
of unloading lasting 10, 100 or 1000 s. This intermittent loading was
repeated X-times for the total duration of experiments lasting 3
days. B: Explants were cyclically loaded for 10 s with a peak stress
of 0.1, 0.5 or 1.0 MPa followed by a period of unloading lasting
1000 s. This intermittent loading was repeated X-times for the total
duration of experiments lasting 3 days. C: Explants were cyclically
loaded for 10 s with a peak stress of 0.5 MPa followed by a period
of unloading lasting 1000 s. This intermittent loading was repeated
X-times for the total duration of experiments lasting 1, 3 or 6 days.Simultaneously, 25 ml of 1% b-aminopropionitrile was added
to inhibit crosslinking of the collagen and thus facilitate the
extraction of newly synthesized proteins. At the end of the
radiolabeling period, explants and media were harvested
and stored frozen at 20(C in the presence of a 10% (v/v)
protease inhibitor mixture until analysis.
DETERMINATION OF WATER CONTENT
As evidence of collagen matrix damage, the water
content of the explants was determined gravimetrically.
Explants were thawed and allowed to swell to an
equilibrium wet weight for 45 min at 4(C. Excess liquid
was removed by blotting the specimen on ﬁlter paper, and
tissue wet weights were determined. Explants were washed
four times with ice-cold Hank’s balanced salt solution
(HBSS) containing a protease inhibitor mixture, lyophilized
overnight (model Lyovac GT2, Finn-Aqua Santasalo-
Sohlberg GmbH, Hu¨rth, Germany), weighed again, and
then stored frozen at 20(C until analysis. The difference
between wet and dry weight represents the water content,
and was used to calculate the percentage of water within
wet weighed explants.
SYNTHESIS OF COLLAGEN
Radioactive collagen (C) of cartilage explants as well as
those secreted into the media were assayed as collage-
nase-sensitive material using a modiﬁed method according
to Peterkofsky and Diegelmann34,35. Brieﬂy, lyophilized
cartilage explants were minced with a scalpel in the
presence of 1.0 ml ice-cold buffer A containing 50 mM
Tris/HCl (pH 7.2), 10 mM L-proline and 10% (v/v) protease
inhibitor mixture. Media (2.0 ml) were ﬁrst diluted with 40 ml
of 2.5% bovine serum albumin and 4.0 ml ice-cold buffer B
containing 75 mM Tris/HCl (pH 7.2), 15 mM L-proline and
302 mM NaCl; proteins were then precipitated by the
addition of 1.2 ml of 60% (v/v) trichloroacetic acid (TCA)/
10 mM L-proline. The mixture was kept on ice for 15 min,
and proteins were pelleted by centrifugation at 23,000! g
for 10 min at 4(C. The supernatant was discarded.
Unincorporated [3H]-proline was removed completely from
media pellets as well as minced cartilage explants by
repeated washing and centrifugation. Explants and pellets
were solubilized with 0.2 N NaOH followed by neutralization
at 4(C with 0.15 N HCl and 1 M N-(2-Hydroxyethyl)
piperazine-N#-(2-ethanesulfonic acid) hemisodium salt
(HEPES) (pH 7.2). Then, 0.5 ml of solubilized cartilage
explants or media pellets were mixed with 85 ml of
a digestion solution containing 49 units of the highly puriﬁed
bacterial collagenase type VII (SigmaeAldrich Chemie
GmbH, Deisenhofen, Germany), 50 mM Tris/HCl (pH 7.2),
5 mM CaCl2, 30 mM benzamidine HCl, 60 mM N-ethyl-
maleimide, 0.6 M 6-aminohexanoic acid, and were incubat-
ed at 37(C for 90 min. The respective controls received no
collagenase. Collagen digestion was terminated by the
addition of 0.6 ml of 10% (v/v) TCA/0.5% (w/v) tannin and
20 ml of 2.5% (w/v) bovine serum albumin. The mixture was
kept on ice for 1 h, centrifuged at 23,000! g for 10 min at
4(C, and the supernatant containing the digested [3H]-
labeled collagen was assayed for radioactivity by liquid
scintillation counting. The pellet was washed again with
0.6 ml of a solution containing 5% (v/v) TCA/0.25% (w/v)
tannin at 4(C for 5 min, before a centrifugation step at
23,000! g for 10 min at 4(C. The radioactivity within the
supernatant, again containing digested [3H]-labeled colla-
gen, was then measured. The pellets with their NCP were
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neutralized with 50 ml of 2.4 N HCl and 0.25 ml of 1 M Tris/
HCl (pH 8.0), and the radioactivity was subsequently
measured. The proportion of collagen amongst the newly
synthesized proteins was calculated using the following
formula that takes into account the enrichment of proline in
collagen as compared to other proteins35:
%CZdpmC!100=dpmCCð5:4!dpmNCPÞ
STATISTICAL ANALYSIS
Each experiment was repeated ﬁve times (NZ 6). The
data obtained from loaded explants were normalized using
values from unloaded controls before they were analyzed
using a one-way analysis of variance (ANOVA) and post-
hoc testing with Scheffe´’s multiple mean comparison test
to determine statistical signiﬁcance. In addition, data from
loaded explants were compared with those from unloaded
controls using Student’s two-tailed paired t test. Differences
were considered signiﬁcant at P values of less than 0.05.
Results
LONG-TERM CULTURE OF UNLOADED CARTILAGE EXPLANTS
The synthesis of collagen and NCP by bovine articular
cartilage explants remained constant during the 14-day
culture period (Fig. 2). The proportion of collagen amongst
newly synthesized proteins did not change over the entire
culture period (day 1: 13.0G 3.1%; day 3: 12.8G 2.1%;
day 6: 10.7G 3.7%; day 9: 12.1G 2.8%; day 14:
12.3G 2.8%). Loss of newly synthesized collagen from
explants into the nutrient media was also unchanged over
the entire culture period (day 1: 18.24G 3.92; day 3:
20.7G 6.3%; day 6: 17.4G 5.0%; day 9: 15.4G 4.1%; day
14: 17.9G 3.3%).
COLLAGEN AND PROTEIN SYNTHESIS UNDER LOAD
Intermittently applied, cyclic mechanical loading of
articular cartilage explants consistently reduced the relative
Fig. 2. Biosynthesis of collagen and NCP by bovine articular
cartilage explants cultured for 14 days in serum-free and sup-
plemented Ham’s F-12 media. Data represent the mean values
G S.D. (NZ 6) of the incorporation of radioactive precursor into
collagen and NCP per mg dry weight cartilage explant cultured for
various times (e,e, collagen synthesis; C, synthesis of NCP).rate of collagen synthesis compared to load-free conditions
(Figs. 3e5). This reduced proportion of newly synthesized
collagen among proteins appeared to be independent of the
mechanical stimulus applied (ANOVA: PO 0.05). At the
same time we determined an increased incorporation of
[3H]-proline into overall proteins, whereas the incorporation
of the radiolabeled precursor into collagen remained
constant with a wide range of mechanical stimuli. The
release of newly synthesized collagen and NCP from
loaded explants into the nutrient media was unaffected by
any of the loading protocols applied (data not shown).
Increasing the applied magnitude of compressive load
from 0.1 MPa to 1.0 MPa signiﬁcantly modulated the
incorporation of [3H]-proline into collagen (Fig. 3; ANOVA:
PZ 0.01) and NCP (Fig. 3; ANOVA: PZ 0.038). In
addition, we determined a signiﬁcantly reduced relative
rate of collagen synthesis by explants which was not related
to the magnitude of the loads applied (Fig. 3; ANOVA:
PO 0.05). Increasing the magnitude of loading did not
modify the release of newly synthesized collagen from
explants into nutrient media (ANOVA: PO 0.05; ratio of
incubation medium collagen from loaded cultures (%)/from
unloaded cultures (%): 0.1 MPa: 1.35G 0.41; 0.5 MPa:
1.20G 0.35; 1.0 MPa: 1.83G 0.57). In addition, loading
of explants with a maximum pressure of between 0.1 MPa
and 1.0 MPa did not result in an increased water content
(Table I); unloaded cartilage explants contained
71.1G 2.2% (NZ 18) water.
The duration of the load-free period signiﬁcantly altered
the incorporation of radiolabeled precursor into collagen
(Fig. 4; ANOVA: PZ 0.012). Explants that were unloaded
for 10e1000 s between each cyclic loading phase in-
corporated approximately half as much [3H]-proline into
collagen whereas approximately 1.5e2-fold more [3H]-
proline was incorporated into NCP. Furthermore, a reduced
proportion of newly synthesized collagen amongst all newly
synthesized proteins was found in all loaded explants
Fig. 3. Effect of different stress levels on the [3H]-proline
incorporation into collagen and NCP per mg dry weight cartilage,
as well as the proportion of collagen among newly synthesized
proteins (relative rate of collagen synthesis), expressed as
percentage of unloaded controls. Using a 0.5 Hz frequency and
a sinusoidal waveform, a maximum pressure ranging from 0.1 MPa
to 1.0 MPa was cyclically applied on cartilage discs for 10 s
followed by a period of unloading lasting 1000 s. Explants were
intermittently loaded for 3 days. Data are mean valuesG S.D.
(NZ 6). Statistically signiﬁcant differences from unloaded control
values as determined by Student’s two-tailed paired t test:
*0.01! P% 0.05; **0.001! P% 0.01 (e,e, collagen synthesis;
C, synthesis of NCP; –-–, relative rate of collagen synthesis).
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revealed that increasing the duration of the load-free period
between each loading cycle did not modify the release of
newly synthesized collagen from explants into nutrient
media compared to unloaded controls (PO 0.05; ratio of
incubation medium collagen from loaded cultures (%)/from
unloaded cultures (%): 10 s load-free period: 1.58G 0.67;
Fig. 4. Effect of time of intermittence on the [3H]-proline in-
corporation into collagen and NCP per mg dry weight cartilage, as
well as the proportion of collagen among newly synthesized
proteins (relative rate of collagen synthesis), expressed as
percentage of unloaded controls. Using a 0.5 Hz frequency and
a sinusoidal waveform, a pressure of 0.5 MPa was cyclically
applied on cartilage discs for 10 s followed by a period of unloading
ranging from 10 s to 1000 s. Explants were intermittently loaded for
3 days. Data are mean valuesG S.D. (NZ 6). Statistically
signiﬁcant differences from unloaded control values as determined
by Student’s two-tailed paired t test: *0.01! P% 0.05;
**0.001! P% 0.01 (e,e, collagen synthesis; C, synthesis
of NCP; –-–, relative rate of collagen synthesis).
Fig. 5. Effect of duration of loading on the [3H]-proline incorporation
into collagen and NCP per mg dry weight cartilage, as well as the
proportion of collagen among newly synthesized proteins (relative
rate of collagen synthesis), expressed as percentage of unloaded
controls. Using a 0.5 Hz frequency and a sinusoidal waveform,
a pressure of 0.5 MPa was cyclically applied on cartilage discs for
10 s followed by a period of unloading lasting 1000 s. Explants
were intermittently loaded for 1e6 days. Data are mean
valuesG S.D. (NZ 6). Statistically signiﬁcant differences from
unloaded control values as determined by Student’s two-tailed
paired t test: *0.01! P% 0.05; **0.001! P% 0.01 (e,e,
collagen synthesis; C, synthesis of NCP; –-–, relative rate
of collagen synthesis).100 s load-free period: 1.07G 0.44; 1000 s load-free
period: 1.20G 0.35). Furthermore, reducing the length of
the load-free period from 1000 s to 10 s resulted in a slightly
but signiﬁcantly increased water content compared to
unloaded controls (Table I).
Figure 5 demonstrates that increasing the total time of
experiments from 1 to 6 days abolished the inhibitory effect
of loading on the incorporation of [3H]-proline into collagen
as seen on day 1 (ANOVA: PZ 0.028), and simultaneously
enhanced the incorporation of the precursor into NCP
(ANOVA: PZ 0.008). Again, a signiﬁcantly reduced relative
rate of collagen synthesis was determined independent of
the duration of loading. Also, ANOVA revealed that the loss
of newly synthesized collagen from explants into nutrient
media remained unchanged independent of experimental
duration (PO 0.05; ratio of incubation medium collagen
from loaded cultures (%)/from unloaded cultures (%): 1 day:
0.78G 0.26; 3 days: 1.20G 0.35; 6 days: 1.28G 0.32).
Furthermore, increasing the length of loading from 1 to 6
days resulted in a slightly and signiﬁcantly increased water
content compared to unloaded controls (Table I).
COMPRESSION OF INTERMITTENTLY LOADED CARTILAGE
EXPLANTS
The degree of compression of loaded specimens, as
determined after 8 h of loading, increased nonlinearly
during the increase in maximum pressure from 0.1 MPa to
1.0 MPa (Table I; ANOVA: PZ 0.0001). Reducing the
length of the load-free period from 1000 s to 10 s also
elevated the maximum strain of cartilage explants (Table I;
ANOVA: P! 0.0001). Continuous determination of the
maximum compression of explants revealed that after 8 h
of loading no further increase in maximum compression
occurred (Table I; ANOVA: PO 0.05). The standard
deviations shown in Table I are in the range of G5%,
indicating that loaded specimens, being initially
0.54G 0.07 mm (NZ 42) thick, are compressed to a similar
degree.
Discussion
Even though it is well recognized that mechanical factors
have a dominant impact on chondrocyte metabolic behavior
both in health and diseases such as OA, this has not been
addressed appropriately in many in vitro systems used for
physiological, pharmacological or tissue engineering stud-
ies. In articular cartilage, several collagen types have
already been identiﬁed that are synthesized and degraded
in a precisely controlled manner to provide an architecture
of this tissue able to withstand the enormous physical
forces applied in vivo. Knowledge about the factors and
mechanisms involved in controlling the turnover of collagen
synthesis is a prerequisite to interpret data obtained from
these in vitro studies. Following this line, the present study
was the ﬁrst ever study designed to investigate systemat-
ically the effects of the mechanical factors: (1) load
amplitude, (2) time of intermittence and (3) load duration
of mechanical applied pressure, on the biosynthesis of
collagen, NCP and the water content of mature articular
cartilage explants. We were able to demonstrate for the ﬁrst
time that the relative rate of collagen synthesis, expressed
as the proportion of newly synthesized collagen among
newly made proteins, is signiﬁcantly reduced but not
responsive to alterations of a wide range of different
mechanical stimuli.
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Effect of intermittently applied cyclic mechanical loading on the water content and the degree of compression of cartilage explants
Effect of Loading conditions Water content (% of control) Compression (%)
Load amplitude
(10 s loading; 1000 s unloading,
duration: 3 days)
1.0 MPa 101.1G 2.8 21.0G 2.3**
0.5 MPa 101.4G 3.2 11.4G 3.1**
0.1 MPa 101.6G 4.0 07.7G 2.0**
Unloading period
(0.5 MPa, 10 s loading;
duration: 3 days)
1000 s 101.4G 3.2 11.4G 3.1**
100 s 100.5G 1.6 24.0G 4.8**
10 s 102.6C 1.5* 23.0G 1.7**
Duration of loading
(0.5 MPa, 10 s loading,
1000 s unloading)
1 day 100.4G 1.5 16.1G 3.2**
3 days 101.4G 3.2 11.4G 3.1**
6 days 103.1G 2.9* 18.0G 2.6**
Cartilage explants were intermittently loaded as indicated. The water content of loaded explants is normalized by data obtained from the
corresponding unloaded control explants. The degree of compression of loaded explants was determined after 8 h of loading after which the
degree of maximum compression remained constant. Data are mean valuesG S.D. (NZ 6). Statistically signiﬁcant difference from unloaded
control specimens as determined by the Student’s two-tailed paired t test, *0.01! P% 0.05; **P% 0.001.Loading of cartilage explants was started on the day of
slaughter, since we found that the incorporation of radio-
labeled precursor into collagen and NCP remained constant
over a total duration of 14 days. The loads were applied
intermittently because chondrocytes within articular carti-
lage in vivo experience complete unloading between
loading cycles. Compression of cartilage in vivo occurs as
the result of forces acting on this tissue; however, the
pressures acting on the cartilage surface in species of
widely differing size are relatively constant36. The forces
themselves are generated by the weight and movement of
the individual. In order to simulate the in vivo situation within
a joint more closely, loads were applied intermittently using
a load-controlled device33 to compress in a radially-
unconﬁned manner cartilage explants perpendicular to their
long axis. The overall stresses acting in the bovine knee
joint in vivo are unknown, but it has been calculated that the
static compressive stress in the cow knee joint is
approximately 0.8 MPa and in the human knee joint during
walking between 0.8 MPa and 6.3 MPa36e38. The pres-
sures used in our experiments were in the range of
0.1e1.0 MPa and include those measured in vivo; however,
these strains might be quite similar or even higher than
those likely to occur in vivo since we used cartilage explants
without the subchondral bone and surrounding tissue.
Newly synthesized collagen can differ from collagen
contained within the tissue in that under a variety of in vitro
circumstances such newly synthesized collagen can be
signiﬁcantly underhydroxylated. For instance, during the
labeling period of 18 h used in our experiments, the
ascorbate concentration within the media may have
dropped due to its known low stability. As a result, the
amount of labeled collagen synthesized cannot accurately
be deduced from the amount of labeled hydroxyproline
contained within a tissue. In order to circumvent this
problem, we used a standard method originally developed
by Peterkofsky and Diegelmann34,35 using a highly puriﬁed
bacterial collagenase in order to determine the incorpora-
tion of [3H]-proline into collagen. This assay does not
distinguish between labeled proline or labeled hydroxypro-
line, but it does separate collagen from all other known
proteins because collagen is uniquely susceptible to
bacterial collagenase.
Differences in the rate of proline transport that alter the
speciﬁc radioactivity of the intracellular pool may occur
when testing the effect of loading on the incorporation of
radiolabeled precursor into collagen; consequently, theamount of radioactivity in collagen will be altered without
any actual change in the rate of synthesis. Expressing
collagen synthesis as a relative rate, i.e., the rate of
synthesis of collagen compared to synthesis of all other
cellular proteins, eliminates this problem. In our experi-
ments, we measured for the ﬁrst time the relative rate of
collagen synthesis by unloaded bovine articular cartilage
which during a 14-day culture period was found to lie in the
range of 10.7% and 13.0%; these values are in good
agreement with the relative rates of 18.8% and 14.5% found
for knee articular cartilage of guinea pigs and rats,
respectively39,40. Loading of explants resulted in a reduced
relative rate of collagen synthesis independent of the
loading protocols applied compared to controls, whereas
an increased incorporation of [3H]-proline into NCP was
found. In contrast, we previously reported28 that the
incorporation of [3H]-phenylalanine into proteins remained
constant using the same culture and loading protocols as
used in this study. We, therefore, conclude that intermittent
mechanical loading stimulated the proline transport into the
intracellular pool. Consequently, the reduced relative rate of
collagen synthesis reﬂects the load-induced inhibition of
collagen biosynthesis as seen with all loading protocols
applied. However, it is also important to determine whether
a decreased collagen production resulted mainly from
a decreased synthesis or an enhanced degradation.
The extent of degradation of extracellular collagen was
estimated from the proportion of labeled collagenase
products present in the media. We determined no signiﬁ-
cant increase in the release of these fragments, which
represented approximately 18% of total labeled collagen, in-
dicating again that the reduced relative rate of collagen
production was due to a load-induced inhibition of collagen
synthesis. Furthermore, the constant proportion of radio-
labeled collagen found within media suggests that mechan-
ical factors applied over a wide range did not induce the
expression of extracellular collagenase activity such as
MMP-13 in our experiments. Rather, this quite large fraction
appears to reﬂect a rapid intracellular degradation of
a signiﬁcant portion of newly synthesized procollagen prior
to secretion as has been described for ﬁbroblasts41.
Furthermore, in our study b-aminopropionitrile was added
during the radiolabeling period in order to prevent cross-
linking of newly synthesized collagen by inhibiting the
activity of lysyloxidase, thus facilitating the extraction
necessary for the analysis. This additive might have altered
the deposition of newly synthesized collagen into the
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portion of collagen found in media.
A strict control of collagen biosynthesis with respect to
type and quantity produced is required to achieve and
maintain the physiological and mechanical properties of
articular cartilage. Several authors9e11 reported that colla-
gen synthesis was increased in OA cartilage. In the early
phases of post-traumatic OA an increased expression of
type II collagen mRNA has been found in the cartilage of
canine knee joints after anterior cruciate ligament transec-
tion11. However, recently a low level of mRNA expression of
collagen type II was found in normal and early human OA
cartilage whereas a strongly upregulated expression of
collagen types II and VI was reported only for late stages of
this disease14,15. Considering this, the reduced relative rate
of collagen synthesis implies that the loading protocols
chosen were not sufﬁcient to allow the simulation of in vitro
OA-like alterations in collagen synthesis as seen in humans
or animals. Furthermore, the method applied to measure
the incorporation of radiolabeled precursor into collagen did
not allow us to distinguish between different types of
collagen being synthesized.
An increased mRNA expression of collagen type II43,44 as
well as incorporation of [3H]-proline into collagen45 were
found for cultured bovine articular chondrocytes exposed to
intermittently applied hydrostatic pressure43 or dynamic
stretching44,45. In our study, a wide range of loading
protocols were applied that resulted in intermittent com-
pression of cartilage explants, and subsequently generation
of hydrostatic pressure and even deformation of chondro-
cytes; however, the relative rate of collagen synthesis was
reduced and not susceptible to changes in the mechanical
stimuli applied. The discrepancy between our data and
those obtained with cultured chondrocytes may be ex-
plained by the existence of several signal transduction
pathways enabling the chondrocytes to sense each
mechanical signal separately. The speciﬁc mechanisms
by which chondrocytes detect mechanical signals and
convert them to an intracellular biochemical response are
not fully understood. However, several signal transduction
pathways have already been found to be involved including
integrin-mediated pathways, stretch activated or inactivated
ion channels, involvement of the cytoskeleton, decreased
pH, electrical streaming potentials, nitric oxide or activating
second messenger systems46e49. Thus, the metabolic
response of chondrocytes seems to be the result of the
balance between the different signals perceived by the
chondrocytes enabling them to respond appropriately
depending on the mechanical demand on the tissue.
Our ﬁnding that intermittent loading can selectively
modulate the biosynthesis of a speciﬁc cartilage component
is consistent with our earlier reported observations. We
previously found that continuously or intermittently applied
mechanical loading can selectively inﬂuence ﬁbronectin
synthesis without altering overall protein synthesis26,28.
Furthermore, we showed that in vitro dynamic compression
of cartilage tissue can signiﬁcantly alter the sulfation pattern
of chondroitin sulfate chain termini of proteoglycans
possibly by a mechanism involving a terminal gal-
NAc4,6S-disulfotransferase activity27. In addition, chondro-
cytes were stimulated to produce elongated chondroitin
sulfate chains27. Our ﬁndings are in line with those of other
laboratories. For instance, Kim et al.50 described that the
synthesis of the link protein is affected by static loading to
a much lesser degree than that of aggrecan and the small
proteoglycans. Remarkably, Baskin et al.51 found that low
biaxial strain of 1.8% stimulated urethral ﬁbroblasts in vitroto produce elevated amounts of ﬁbronectin whereas at
a high strain of 4.9% both ﬁbronectin and collagen
synthesis were signiﬁcantly increased.
In our experiments, an elevated water content was
observed only in those explants loaded either for 6 days or
with a high rate of repetitively applied loading periods. Our
ﬁndings are in good agreement to our earlier reported29 ion-
induced swelling of explants and could have been caused by
matrix damage due to the dying superﬁcial zone of speci-
mens already reported earlier28. The increased water
content may also be interpreted as evidence of functional
matrix damage which may be due to either rupture of critical
collagen ﬁbrils, loss of minor collagens, or loss of proteo-
glycans from explants into nutrient media20,23,25. Early OA
changes are accompanied by an increase in water content
of the cartilage even though there is no signiﬁcant change in
proteoglycan content7. The increase in cartilage water
content is not of much biochemical signiﬁcance but has
biomechanical importance8,24.
In conclusion, the results described here show for the ﬁrst
time that the relative rate of collagen synthesis of articular
cartilage is reduced in a manner independent of the loading
conﬁguration chosen. In addition, we provide quantitative
data showing that only high amplitudes of loads and
frequencies enhanced the water content of explants. In our
experiments the collagen biosynthesis of chondrocytes was
only minor responsive to alterations in mechanical stimuli,
applied over a wide range. Thus, our results imply that the
synthesis of these structural macromolecules is under the
strict control of normal chondrocytes enabling them to
maintain the shape of this physical demanded tissue.
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